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Inducible vascular celi adhesion molecule-i (VCAM-1)
in glomerular mesangial cells (GMC) exposed to lipo-
polysaccharide (LPS) in vitro involves the activation
of nuclear factor-icB (NF-icB) and its interaction with
the proximal VCAM-1 promoter. We used a murine
model to assess the effect of the antioxidant, N-acetyl
cysteine on GMC activation in vivo. Single intraperi-
toneal administration ofN-acetyl cysteine completely
suppressed LPS-induced VCAM-1 expression on the
GMC surface. When an oligonucleotide spanning the
NF-acB binding region of the VCAM-1 promoter was

incubated with extracts from the renal cortex of LPS-
treated animals, a single nucleoprotein complex
formed. This complex was composed of p50 and p65,
but not p52, c-Rel, or Reml, and its formation was

dramatically inhibited by pretreatment with N-acetyl
cysteine. D ,L-Buthionine-[S ,RJ-sulfoximide, a com-

pound that depletes glutathione, augmented VCAM-1
expression inducible with a suboptimal amount of
LPS to levels comparable with using 50 ,ug of LPS
alone. D,L-Buthionine-[S,R]-sulfoximide also potenti-
ated the p5O-p65 binding activity induced with a sub-
optimal amount of LPS. These data provide a redox-
sensitive, transcriptional link between NF-#cB and
VCAM-1 in GMC in vivo and implicate oxidative stress
as an important regulatory signal in the pathogenesis
ofglomerular mesanglal ceHl disorders. (AmjPathol
1997,151:1225-1229)

Vascular cell adhesion molecule-1 (VCAM-1), a member
of the immunoglobulin gene superfamily of adhesion mol-
ecules, is induced at the glomerular mesangial cells
(GMC) surface after macrophage activation and immune
complex deposition in murine models of autoimmune
glomerular nephritis.1 VCAM-1 is also expressed in GMC
of the renal cortex of mice challenged intravenously with
endotoxin2 and in cultured mouse or rat GMC exposed to
the cytokines, interleukin-1f3 and tumor necrosis factor-

a.' Tumor necrosis factor-a activation of VCAM-1 tran-
scription in cultured GMC3 and vascular endothelial
cells4 requires the induction of nuclear factor-KB (NF-KB)
and its interaction with the VCAM-1 promoter. NF-KB is a
ubiquitously expressed multisubunit transcription factor
family activated in multiple cell types by a large and
diverse group of growth-regulatory molecules.

NF-KB activation can be specifically inhibited in vitro by
antioxidants such as N-acetyl cysteine (NAC)5 and pyr-
rolidine dithiocarbamate.6 These antioxidants attenuate
oxygen radical formation thus maintaining NF-KB in the
inactive cytosolic form. NAC has been well-characterized
in vitro and in vivo as an agent that protects against
oxygen radical damage by direct scavenger properties
and its ability to modulate intracellular glutathione levels.7
This has led to the hypothesis that oxygen radicals reg-
ulate NF-KB activation through reduction-oxidation (re-
dox) mechanisms.8 Although Shan et al9 have found that
redox mechanisms influence collagen type and IV tran-
scription in cultured GMC via changes in intracellular
redox potential, the involvement of redox mechanisms in
renal pathophysiological processes in vivo is not entirely
clear. To determine whether modulation of NF-KB activity
in vivo is a bidirectional redox process, we used NAC and
the glutathione-depleting agent, D,L-Buthionine-[S,R]-sul-
foximide (BSO),10 in a murine model of endotoxemia.

Materials and Methods

Administration of Lipopolysaccharide,
NAC, and BSO

Pathogen-free mice of both sexes (CD1 and BALB/c)
were purchased from the Charles River Breeding Labo-
ratories (Wilmington, MA) and used after reaching a body
mass of 22 to 24 g (approximately 8 weeks old). All
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animals were handled and maintained in accordance
with the Guidelines of the Committee on Care and Use of
Laboratory Animal Resources (National Research Coun-
cil). Groups of three to five animals were injected intra-
peritoneally with 50 ,tg of Escherichia cofi lipopolysaccha-
ride (LPS, serotype 0.55:B5, Sigma) in phosphate-
buffered saline (PBS) alone or 1 hour after a single
intraperitoneal injection of NAC (Sigma) (1, 2, 4, 8, and 16
mg in PBS), BSO (Sigma) (8, 15, 23, and 30 ,ug in PBS),
or PBS alone. Animals were killed 1 hour (tissue extracts)
or 6 hours (immunoperoxidase staining) subsequently.
No significant leukocyte adherence or infiltration is ob-
served in this murine model of endotoxemia.2

Morphological and Immunoperoxidase Studies
VCAM-1 was immunolocalized using a monoclonal anti-
body, M/K-2, generously provided by Dr. P. W. Kincade
(Oklahoma City, OK). An irrelevant, isotype-matched rat
immunoglobulin (Sigma) was used as negative control at
the same concentration. Kidneys were cut coronally,
whereas the entire thoracic and abdominal aorta was
dissected and cross-sectioned. Tissue sections were
embedded in OCT, snap-frozen in liquid nitrogen, and
6-,um-thick frozen sections were cut and mounted on
Vectabond-coated (Vector Laboratories, Burlingame,
CA) glass slides. After air-drying for 30 minutes, sections
were fixed in 100% ice-cold acetone for 7 minutes, air-
dried for an additional 10 minutes, and stored at -700C
in plastic wrap until later use. VCAM-1 staining was car-
ried out with the protocol previously described2 using
primary antibody at a 1/40 dilution for 1 hour at 220C and
a goat anti-rat IgG (heavy and light chain) peroxidase-
conjugated antibody (mouse absorbed; Caltag, South
San Francisco, CA) for 45 minutes in a humidified cham-
ber. Binding was detected by the addition of 0.1 mol/L
acetate buffer containing 3-amino-9-ethylcarbazole (Al-
drich, Milwaukee, Ml) in N,N-dimethylformamide and hy-
drogen peroxide.2 Slides were counterstained in methyl
green for 2 minutes and counterslipped with gelatin/glyc-
erol. For histological evaluation, sections were fixed in
methanol for 10 seconds and stained with hematoxylin
(30 seconds) and eosin (10 seconds) before dehydration
and coverslipping with Permount. Staining was scored +
to + + + + (weak to strongly intense).

Preparation of Renal Tissue Extracts

Kidneys were placed on ice, the fibrous capsule surgi-
cally removed, and the cortex and medulla minced in
ice-cold homogenization buffer A.11 The suspension was
frozen in liquid nitrogen, thawed at 220C, and this freeze-
thaw cycle repeated 4 times. The material was spun at
2000 rpm for 15 minutes at 4°C. The supernatant was
combined with an equal volume of buffer C18 and frozen
at -700C until use.

Electrophoretic Mobility Shift Assay
An oligonucleotide bearing both NF-KB binding sites in
the VCAM-1 promoter11'12 was 32P-labeled with T4

polynucleotide kinase (New England Biolabs) and used
in electrophoretic mobility-shift assay (EMSA) as de-
scribed previously.3 To assure equal loading of extract,
the concentration of protein in each sample was quanti-
tated using the BioRad protein assay. For supershift anal-
yses, polyclonal antibodies directed toward murine-spe-
cific NF-KB subunits were added 10 minutes before the
addition of the probe.

Results

LPS-lnduced VCAM- 1 Expression on GMC is
Inhibited by Pretreatment with NAC
Single administration of LPS (50 jig intraperitoneally) in-
duced intense VCAM-1 staining (+ + + +) on GMC as well
as endothelial cells of the renal vessels and the aorta
within 6 hours (Figure 1). VCAM-1 staining was also ob-
served in the interstitium. Prior intraperitoneal injection of
NAC (2 mg or greater) completely abolished VCAM-1
staining on the mesangial surface (Figure 1), whereas
only partial inhibition (+/++) resulted when lower doses
were used. NAC alone did not induce VCAM-1 expres-
sion (Figure 1). These doses of NAC, injected daily for up
to 4 days, had no apparent side effects or appreciable
histological abnormalities. Intraperitoneal doses of 16 mg
or greater did result in mortality.

Activation of NF-KB and its Interaction with the
Proximal VCAM- 1 Promoter in Mice Injected
with LPS and Effect ofNAC
To investigate whether NF-KB is involved in the induction
of VCAM-1 after LPS injection, we performed an EMSA
with a 32P-labeled oligonucleotide bearing the two NF-KB
binding sites in the VCAM-1 promoter and extracts pre-
pared from the renal cortex. A single nucleoprotein com-
plex was detected 1 hour after the injection of LPS (Figure
2). To determine whether this complex contained NF-KB
and the nature of the subunits involved, antipeptide poly-
clonal antibodies directed toward c-Rel, p50, 1KB-a, p52,
and p65 were used in the EMSA. The one complex was
eliminated by p50 and p65 antibodies and unaffected by
any of the other antibodies (Figure 2), indicating that the
p50-p65 heterodimeric form of NF-KB is activated in the
renal cortex of mice treated with LPS. Because VCAM-1
expression in GMC is dependent on the interaction of
NF-KB with the proximal VCAM-1 promoter,3 we hypoth-
esized that NAC inhibits VCAM-1 expression by sup-
pressing the activation of NF-KB. EMSA revealed that the
antioxidant compromised the induction of NF-KB by LPS
(Figure 2).

VCAM- 1 Immunostaining on GMC by
Low-Dose LPS is Enhanced by BSO
Injection of mice with 2.5 ,ug of LPS elicited a weak
increase (+) in VCAM-1 expression (Figure 3). When this
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Figure 1. LPS-induced VCAM-1 expression in vivo is inhibited by NAC. A: Peroxidase immunohistochemical analysis showing mesangial VCAM-1 expression 6
hours after intraperitoneal administration of 50 ,ug of LPS (left panel). VCAM-1 staining is also detected on the surface of aortic endothelial cells (right panel ).
B: NAC pretreatment prevents LPS-induced mesangial VCAM-1 expression (left panel) but has no effect on endothelial VCAM-1 expression (right panel). C: NAC
alone does not affect VCAM-1 expression on mesangial cells (left panel) or aortic endothelial cells (right panel). D: Injection of PBS alone does not induce VCAM-1
in mesangial cells (left panel) or endothelial cells (right panel). Histological plates are representative of VCAM-1 changes throughout each tissue examined and
a consistent feature among the animals tested in each group.
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Figure 2. NF-KB is activated in vivo by LPS and binds to the proximal
VCAM-1 promoter. EMSA using extracts prepared from renal cortex of mice
injected intraperitoneal with 50 ,ug of LPS and a 32P-labeled VCAM-1-oligo-
nucleotide bearing the two NF-KB binding sites in the proximal VCAM-1
promoter. The formation of this complex is inhibited by pretreatment with
NAC (left panel). The nucleoprotein complex is eliminated only when
antibodies to p5O and p65 are used (right panel). The first lane represents
radiolabeled oligonucleotide run without nuclear extract, as evidenced by
the absence of a specific nucleoprotein complex with electrophoretic mo-

bility slower than that of the probe itself.

low dose of LPS was preceded by a single intraperitoneal
injection of BSO (8 or 16 ,ug), no significant difference in
the staining intensity of VCAM-1 was observed (data not
shown). However, intraperitoneal administration of 23 Ag
of BSO or greater dramatically increased low-dose LPS-
induced VCAM-1 expression to levels comparable with
50 ,ug of LPS alone (+ + + +) (Figure 3). VCAM-1 was also
superinduced in vascular endothelial cells in mice pre-
treated with BSO.

BSO Augments LPS-inducible NF-KB
Interaction with the VCAM- 1 Promoter
EMSA, using extracts from renal cortices of mice injected
with 2.5 Ag of LPS and the 32P-labeled VCAM-1 promoter
fragment, revealed a weak induction of NF-KB (Figure 4).
Administration of BSO alone failed to activate the tran-
scription factor. However, treatment with 23 ,tg of BSO
before injection of 2.5 ,ug of LPS resulted in a profound
induction of NF-KB binding activity. This activation was
comparable with that obtained using 50 jig of LPS alone
(Figure 4). These findings taken together indicate that
BSO potentiates, whereas NAC inhibits, the induction of
NF-KB, its interaction with the proximal VCAM-1 pro-

IL A' .
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Figure 3. BSO potentiates LPS-inducible VCAM-1 expression. A: Peroxidase immunohistochemical analysis shows intense mesangial VCAM-1 expression after
intraperitoneal administration of 50 ,g of LPS. B: Equally intense mesangial VCAM-1 expression is obtained when mice are injected intraperitoneally with 8 mg
of BSO followed 1 hour later by 2.5 ,ug of LPS. C: Weak mesangial VCAM-1 staining after administration of 2.5 ,ug of LPS alone. D: BSO alone does not induce
mesangial VCAM-1 expression. Histological plates are representative of VCAM-1 changes throughout each tissue examined, and a consistent feature among the
animals tested in each group.

moter, and the expression of VCAM-1 on the glomerular
surface.

Discussion

NF-KB, on activation, accumulates in the nuclei of cul-
tured murine and rat mesangial cells in which it binds to
specific sites in the proximal VCAM-1 promoter and
drives expression of the VCAM-1 gene.3 The present
study used a murine model of endotoxemia to demon-
strate that LPS-inducible VCAM-1 expression at the glo-
merular mesangial surface is preceded by the interaction
of NF-KB p50-p65 heterodimers with the VCAM-1 pro-
moter. Pretreatment of the mice with NAC, a radical scav-

enger and inducer of glutathione production, abolished
both the interaction of NF-KB with the VCAM-1 promoter
and VCAM-1 expression on the GMC surface. Conversely
BSO, a specific inhibitor of y-glutamylcysteine syn-
thetase, catalyst of the rate limiting step in glutathione
synthesis, enhanced both NF-KB and VCAM-1 activation
after injection of a suboptimal dose of LPS. Interestingly,
NAC also inhibited endotoxin-induced VCAM-1 expres-
sion in the interstitial microvasculature. This is consistent
with the requirement of NF-KB in LPS-inducible endothe-
lial VCAM-1 expression.5 Our inability to observe the
inhibitory effect of NAC on LPS-induced VCAM-1 expres-

sion in aortic endothelium was probably because of dif-
ferences in the distribution and localized activity of the
drug after its administration.

NF-KB is ubiquitously expressed and induced by a
wide variety of growth-regulatory molecules.12 In mesan-
gial cells, many of these agents generate intracellular
H202 and the superoxide ion.13 Although not all inducers
of NF-KB have been assessed for these properties, in-
creased oxidative stress does appear to be a common
theme.14 In lymphocyte cultures, cytokine-activation of
NF-KB requires mitochondrial superoxide production,
however, this process alone is not sufficient to activate
NF-KB.15 Recent evidence suggests that receptor ty-
rosine kinases play regulatory roles in the activation of
NF-KB16 and NF-KB-dependent genes17 by modulating
oxidant levels.18 Our results from EMSA and immunohis-
tochemistry indicate that NAC can inhibit inducible NF-KB
and VCAM-1 expression, whereas the induction of both
these molecules was superinduced by BSO. These op-
posite effects provide strong evidence that reactive oxy-
gen intermediates mediate NF-KB and VCAM-1 activation
in mesangial cells.
NAC has been used as a therapeutic agent in a variety

of clinical settings. For example, NAC serves as a muco-
lytic agent in chronic bronchitis,19 an antidote in acet-
aminophen-induced hepatotoxicity,20 and as an inhibitor

!
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of LPS. This nucleoprotein complex is eliminated using antibodies to the p65
subunit. Administration of BSO alone does not activate NF-KB. The first lane
represents radiolabeled oligonucleotide run without nuclear extract, as evi-
denced by the absence of a specific nucleoprotein complex with electro-
phoretic mobility slower than that of the probe itself.

of hemorrhagic cystitis caused by cyclophosphamide
and ifofamide.14 A recent report indicates its successful
use as a chemopreventative agent in phase clinical
trials.21 Our demonstration of the ability of NAC to down-
regulate VCAM-1 expression by inhibiting the activation
of NF-KB suggests that this antioxidant may be useful in
the treatment of glomerular mesangial disorders and per-
haps other pathophysiological settings in which signal
transduction is mediated through NE-KB.12'22
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